The knee is a multi-component organ system comprised of several tissues which function coordinately to provide mobility. Injury to any one component compromises the integrity of the system and leads to adaptation of the other components. Over time, such events often lead to dysfunction and degeneration of the knee. Therefore, there has been considerable research emphasis to repair injured components in the knee including cartilage, menisci, and ligaments. Approaches to improving healing and repair/regeneration of knee tissues have included surgery, anti-sense gene therapy, injection of growth factors and inflammatory cytokine antagonists, transplantation of in vitro expanded chondrocytes, enhancement of endogenous cells via microfracture, injection of mesenchymal stem cells, and implantation of in vitro tissue engineered constructs. Some of these approaches have led to temporary improvement in knee functioning, while others offer the potential to restore function and tissue integrity for longer periods of time. This article will review the status of many of these approaches, and provide a perspective on their limitations and potential to contribute to restoration of knee function across the lifespan.
INTRODUCTION
The knee is a complex "organ system" which is comprised of several tissues (e.g. intra-and extra-articular ligaments, tendons, muscle, cartilage, menisci, capsule, and synovium) which arises during development to function as an integrated unit during mobility [1] [2] [3] . All of the tissues of the knee are vascularized and innervated to variable extents except the articular cartilage which is devoid of vascularity and innervation, likely in part due to its requirement to function in a very intensive biomechanical loading environment.
Following development during fetal life, the tissues of the knee are required to proceed through post-natal life with maturation, puberty and finally skeletal maturity steps, while maintaining their coordinate functioning [1] . Once in skeletal maturity, the knee maintains its integrity via biomechanical stimulation [1, 4] and biological factors, including systemic nutrients, growth regulators and hormones, as well as others.
The major responsibility to adequately maintain the integrity of the extracellular matrix matrix (ECM) in the various tissues of the knee, which is critical for the functioning of the knee falls to a variety of cells that populate the tissues. Each tissue is populated by a variety of cell types uniquely differentiated to both survive in specific biomechanical environments, and to provide contributions to load-dependent tissue homeostasis [4] . Thus, articular hyaline cartilage has cells that are unique to different layers (superficial zone, central zone and deep zone) [discussed in 5, 6] , and menisci have cells in different parts of the tissue which exhibit different appearances [7] , likely in part due to different mechanical environments and association with different tissue molecules (Stephen Andrews, Ph.D. Thesis, University of Calgary, 2013). Furthermore, even in ligaments associated with the knee (e.g. the intra-articular ACL, the extra-articular MCL), the cells are reported to be different [8, 9] and it is known that the two ligaments operate in two different loading environments (e.g. the ACL in relatively high loading conditions versus the MCL which operates in a normally low load OPEN ACCESS environment) [10] . Therefore, not only is the ECM in different knee tissues different, the cells in the different tissues are heterogeneous. Both conditions pose challenges to approaches to regenerating injured tissues to restore integrated functioning of the knee.
Not only do cells in the tissues respond in a positive manner to biomechanical stimulation by increased expression of anabolic genes (e.g. growth factors, ECM components), but also they respond to a lack of mechanical stimulation/immobilization [discussed in 1, 4, 11] . That is, tissues of the knee subscribe to the "Use it or lose it" paradigm. If the tissues experience a decline or loss of biomechanical stimulation, they induce a set of catabolic genes that contribute to atrophy of the tissue down to a new homeostatic "set point" (e.g. the point at which a balance between anabolism and catabolism is reestablished for the new mechanical demands) where this catabolic subset of genes is again repressed [11] . In vivo, immobilization of the skeletally immature rabbit knee leads to a failure to growth even when tissues in the contralateral knee continue to grow [discussed in 1, 4] . One possibility to explain how the immobilized tissues fail to grow and mature in the face of systematic growth regulators is that biomechanical stimulation leads to expression of functionally active cell receptors for such mediators, and this essential component of the cells is compromised when the tissues are deprived of stimulation/ loading [1, 10] .
Such findings have implications for both approaches to enhancing repair/regeneration using enhancement of endogenous cell function and associated mechanisms, as well as exogenous approaches to tissueing engineering of tissue replacements. An example of the latter is the work of Goulet and co-workers who have shown that biomechanical loading of a tissue engineered ACL replacement leads to a stronger more functional engineered tissue when transplanted in vivo into goats or dogs [reviewed in 12].
Enhancement of Tissue Engineering via Alteration of Endogenous Cells
In most tissues of the knee (the aneural, avascular articular cartilage is a notable exception), the cells of either the injured tissue, or puripotent/multipotent (e.g. mesenchymal stem cells [MSC] or mesenchymal progenitor cells [MPC] ) cells associated with the synovial fluid or synovial membrane of the intra-articular environment are available for assisting in the healing process [discussed in [13] [14] [15] . Following injury to one or more tissues of the knee, or development of a degenerative condition (e.g. idiopathic with no known overt injury) such as osteoarthritis, leads to a loss of joint integrity. Injury to some tissues, such as the extra-articular MCL, leads to the functional healing, but slow remodeling of the tissue in preclinical models [reviewed in 16] . For the MCL, a complete transection or rupture of the tissue in most instances does not require surgical intervention and the healing proceeds normally. The initial phases of wound healing (inflammation, matrix deposition, and slow remodeling) take place but the matrix deposited is not normal and is a scar-like tissue. While the cellularity of the healing MCL gradually returns to normal levels, the biomechanical integrity of the healed MCL is somewhat compromised up to 2 years later [17] . Part of this is likely due to the slow crosslinking of the collagen matrix, while another part is likely due to the slow re-appearance of larger collagen fibrils in the scar tissue [discussed in 18, 19] . What likely allows the repaired MCL to be sufficiently operational to regain its role as a knee stabilizer is that it is extra-articular, and operates as a low-load stabilizer [discussed in 10] .
Use of in vitro expanded autologous and allogenic chondrocytes and meniscal cells, and subsequent implantation in vivo have been extensively studied over the past decade or more [reviewed in [20] [21] [22] [23] [24] [25] . While somewhat expensive, this approach of expanding endogenous cells has proven to be successful for a number of patients, particularly younger patients with limited defects in their articular cartilage of the knee. However, removal of autologous cartilage from non-weight bearing areas of the knee cartilage to obtain chondroctyes does induce some damage to the remaining cartilage in the knee, and there are some concerns regarding dedifferentiation of chondrocytes in vitro during expansion. In spite of limitations, this approach appears to have fairly long term clinical efficacy, particularly for a subset of patients.
Attempts to enhance endogenous repair (which is not regeneration) via approaches such as treatment of early scar tissue with anti-sense reagents to specific molecular targets were only partially successful, but certainly proved the concept was potentially viable [26, 27] . In a rabbit model, the injured MCL was injected with either an antisense reagent directed towards the small leucine-rich proteoglycan (SLRP) decorin, a sense reagent, or vehicle early after injury. Subsequent sacrifice and analysis revealed that the anti-sense treated MCL was biomechanically stronger than the others, and that significantly larger numbers of collagen fibrils were detected in the antisense treated animals [26] . As decorin is known to bind to collagen and play a role in collagen assembly [discussed in 26, 27] , this outcome was hypothesized to occur. However, over time, the anti-sense treated scar tissue reverted to a more scar-like material with mainly small collagen fibrils (unpublished). Thus, it would appear that even with an impact early after injury, the healing process reverted to the normal sequence of progression with time. Therefore, while such interventions can enhance the healing process in the short term, they are apparently ineffective in permanently shifting the outcomes. The basis for this scenario is unknown, but it could relate to the short half-life of the reagents, or the overpowering influence of the mediator milieu in the otherwise healthy rabbit with an injured MCL [discussed in 28, 29] .
A second approach to enhance the activity of endogenous cells is via the use of reagents such as Platelet-Rich Plasma (PRP) [reviewed in [30] [31] [32] [33] [34] . As normal platelets contain a number of mediators, including growth factors and other biologically active molecules, injection of such preparations could result in the release of several "repair-enhancing" molecules or molecules which may negate the impact of endogenous mediators which are exerting a negative or counter-productive influence on repair. Since such preparations can be used in an autologous manner, this is a significant advantage. However, being autologous can also be a disadvantage if an individual has compromised platelets or plasma.
While the rationale for using such platelet preparations is attractive, the literature would indicate that responses to injection of such preparations is quite variable (see reviews indicated above), and there are not a large number of appropriately controlled clinical trials. Additionally, the outcome measures used by different investigators in various studies can differ, and range from those focused on actual repair to symptomatic relief (most notably pain). As platelets, and their contents, can be influenced by a number of factors, it is not surprising that outcomes may also be variable. Furthermore, the disease setting (early, late; concurrent use of medications, etc.) also can impact effectiveness. Thus, for PRP, the "jury" is still out regarding effectiveness and the mechanisms by which it is effective in some individuals, and whether it is more effective in acute (e.g. torn menisci, tendons, ligaments) versus chronic conditions (e.g. tendinosis, osteoarthritis with cartilage degeneration). Likewise, when PRP is "successful" it is not known whether it is influencing endogenous fibroblasts, chondrocytes, fibrochondrocytes, or is actually working at the level of mesenchymal stem/ progenitor cells in the damaged tissues, or derived from a nearby source such as the synovial fluid or synovial membrane.
It is clear that preparations such as PRP contain multiple growth factors and other mediators, and the effectiveness is variable. At the opposite end of that scale, a number of studies have attempted to enhance repair of specific joint tissues, or restore joint function via use of individual growth factors, or reagents known to influence the activity of molecules within the abnormal joint. For the most part, such studies with growth factors known to be involved in repair have not exerted a highly significant impact on acute repair in normal healthy individuals/preclinical models [e.g. 35] . However, a study from Salo's group [36] has indicated that timely use of nerve growth factor (NGF) can positively enhance repair of injured ligaments. Whether this influence on repair is due to an impact of the growth factor on the re-innervation of damaged tissues [reviewed in 37], or some other nonneural effects of NGF, remains to be determined.
Other researchers have taken a somewhat different tack to interfere with abnormal processes either within an injured joint or fibrotic processes in general. An example is studies which showed that treatment of mice knees with anti-TGF-beta antibodies inhibited osteophyte formation in mouse knees with osteoarthritis [38] . Similarly, use of decorin (which binds TGF-beta) was also shown to inhibit renal and pulmonary fibrosis due to excess levels of this growth factor [39, 40] . Thus, by effectively removing a known stimulus which was present, one could modulate cell responses leading to abnormal outcomes.
An additional approach to enhance restoration of function by endogenous cells has been developed by orthopedic surgeons in an attempt to restore cartilage loss. This procedure involves micro fracturing of the bone that was exposed by articular cartilage loss to induce blood, bone marrow elements, and likely stem cells associated with the subchondral bone to localize and form a fibrocartilage-like surface in the compromised area [reviewed in [41] [42] [43] . As the fibrocartilage formed by such a procedure is not as resilient as the hyaline cartilage that was there initially, this procedure is likely temporary although some patients experience prolonged benefit [43] .
In summary, attempts to enhance functional and structural repair by stimulating endogenous cells in the damaged tissues or the processes known to stimulate wound healing have met with mixed results. The findings have been very dependent on variability in individual responses, or effects have been dependent on local environments. This latter point is likely very relevant to some of the discussion which follows related to applications of stem/ progenitor populations for cellular repair, as well as tissue engineered tissue replacements. [47, 48] . Such variation, plus ease of obtaining the cells, can influence the approaches taken to address either approach: in vitro tissue engineering versus injection of cells into the knee and hope they home to the damaged area and initiate repair. These two approaches are intrinsically different, but have to meet some common challenges when one considers joint restoration from a structural and biomechanical perspective versus injection of cells which need to home to the damaged tissue and initiate repair, often times in the absence of a suitable scaffold such as in advanced osteoarthritis with cartilage loss and/or tears and degeneration of the menisci.
Use of Stem/Progenitor Cells to

Use of Mesenchymal Stem/Progenitor Cells to Repair the Injured Knee
As discussed above, mesenchymal stem/progenitor cells (MSC/P cells) have been isolated repeatedly from a number of tissues/sources that would permit autologous use.
In addition, cells with such characteristics have also been isolated from placenta and related tissues [49, 50] 44] . Furthermore, in many cases, the outcomes are related to symptom (e.g. pain) management rather than tissue repair and structural restoration, but likely this will also change going forward as more clinical trials come to fruition. Therefore, in the coming few years, evidence for the efficacy of MSC from various sources will be available and informed decisions on their use will be possible. One of the key findings to date is that only a small percentage of the MSC populations injected into a joint actually remain in the joint or at the site of the injury. For instance, it was shown that very few labeled injected cells associated with induced defects in knee menisci [52; and many others]. This is a common finding, that following injection of literally millions of cells, only a small percentage of cells remain at the site of injury over time. likely actually able to home to a site of injury and contribute to repair of the injury either directly, or indirectly via secretion of essential growth mediators or molecules facilitating repair (e.g. "nurse cells"). The observations after injection of MSC into knees are not unique to this environment, and this outcome has also been observed in models of heart damage and other tissue injuries.
A second potential complicating factor associated with injecting "normal" MSC into injured or damaged knees is that the inflammatory environment resulting from the injury is inhospitable for the proper functioning of the injected MSC. MSC isolated from the synovial fluid or synovial membranes of sheep knees that had incurred an injury led to lower ability of the cell population to differentiate towards the chondrocyte phenotype [47] . Interestingly addition of IL-1 to populations of MSC from normal sheep knees led to a decline in ability to differentiate towards the same lineage. Furthermore, this decline was ~30% -40% and it reached a plateau with increasing concentrations of IL-1. Thus, only a subset of MSC in the population was responsive to IL-1.
Analogous studies with human knee MSC derived from SF of normal knees, and knees from individuals with osteoarthritis (OA) have provided further support for the concept that inflammation in a knee arising from either an injury or a disease such as OA can lead to modifications in the effectiveness of the cells. Firstly, MSC from OA patients apparently have lost their ability to selfaggregate and differentiate towards a chondrogenic phenotype [15] . However, if the cells are aggregated artificially by pelleting, they retain the ability to differentiate. Loss of this feature of self-aggregating would likely impact the ability of the cells to home to a site of damage, aggregate, and assist in the repair of the injury. Analysis of SF from OA patients for the presence of inflammatory mediators using a multiplexing approach has indicated that the SF does indeed contain mediators that are either not present in SF from normal knees, or the levels are greatly increased [53] . Interestingly, addition of one of those mediators identified in OA SF, specifically MCP-1, to MSC from normal knees led to a loss of the self-aggregating characteristic [54] . Therefore, injecting MSC into an inhospitable environment may compromise their ability to initiate repair and home to a site in need of repair. This interpretation may also explain why the endogenous MSC in an inflamed and injured knee are ineffectual in inducing repair.
Based on the above discussion, it may be critical to minimize the inflammation in the joint prior to injecting MSC to facilitate repair. This is likely true for both treatment of early OA, or alternatively, repair of knees sub-jected to inflammatory arthritis such as rheumatoid arthritis [55] . In addition, it may be necessary to utilize MSC from a different tissue source (e.g. Bone Marrow) for injection since MSC from inflamed knees appear to maintain the altered phenotype for several passages in vitro [47; Ando et al., unpublished] . Thus, this approach using MSCs has potential, but improvements in their homing to specific locations and abilities to facilitate repair are still needed [reviewed in 51].
Finally, injecting MSC from a variety of tissue sources has also been attempted where the outcomes are not related primarily to structural repair of the tissues (although some structural improvement has been noted in some patients), but instead, the alleviation of symptoms (e.g. primarily pain such as in OA). This is not unreasonable as stem cells from some sources have immunomodulatory properties [56,57; and many others]. Thus, injecting MSC into knees with advanced OA does not offer much hope to completely repair the extensive damage to the articular cartilage, menisci, and other involved tissues, but if the MSC were indeed a supply of anti-inflammatory molecules, or molecules that may influence neural activities contributing to the pain of OA, then they may have value alone or in conjunction with pharmaceuticals. As an example, injection of MSC (such as obtained by liposuction or bone marrow aspiration) has been reported to alleviate pain in some patients [58-60; and many others]. They may not be effective in this regard in all patients, but certainly many patients report receiving benefit. Whether some of such benefit is related to the effectiveness of the cells, or is due to a "placebo" effect is not clear, and one has to consider the placebo effect as a factor with respect to symptoms such as pain which can be subjective. This point stresses the need for well controlled clinical trials in this area to tease out where the benefits are and to perhaps identify patient subsets that would benefit more than others from injections of such cells (e.g. precision or personalized medicine).
Use of Mesenchymal Stem/Progenitor Cells for Tissue Engineering Replacement Tissues for Injured/Damaged Knees
From the above discussion regarding cells, it is very challenging to repair an extensively injured or damaged knee with multiple tissues involved and with respect to articular cartilage, complete loss of tissue resulting in bone-on-bone and very little residual scaffold to use as a template. Therefore, likely the best application for in vitro tissue engineering of tissue replacements will be for limited size defects in the articular cartilage or menisci, or for a tissue of defined specifications [e.g. an ACL replacement; 61]. For the latter, many studies have used fibroblasts rather than MSC [discussed in 62; and reviewed in 12, 63] . However, such in vitro engineered constructs (boneligament-bone configurations) have been implanted into goats and they have survived and functioned. Whether these avascular, aneural constructs gradually become more "scar-like" over time as host cells infiltrate the implanted engineered construct remains to be confirmed. A key aspect of generating such engineered constructs of fibroblasts + a scaffold is the application of mechanical loading during the generation of the construct. Such loading appears to lead to a much stronger and organized construct which then has a much better chance for survival once implanted as a "reconstructed" ACL even if it is a single band of ligament-like collagen-based material. In the future, it is likely that the use of MSC for the generation of ACL replacements will become the norm, perhaps using SF MSC since they would be in the intraarticular environment of the ACL to start with and thus, perhaps be positioned to participate in endogeneous repair already.
In a number of studies resulting from investigations from the Nakamura laboratory at Osaka University, and in collaboration with the author, Tissue Engineered Constructs (TEC) for cartilage, meniscal and bone repair have been generated from MSC derived from synovial membranes or synovial fluid [64] [65] [66] [67] [68] . The model of choice for these studies has been pigs, a species with a physiology similar to humans, and a large animal with knees also similar to humans, but similar TEC can be generated from human MSC [69] . In vitro generated allogeneic TEC have been implanted into defined defects in articular cartilage of juvenile and skeletally mature pigs and survived very well out to one year post-implantation (the last time point assessed) and integrated well with the adjacent cartilage [64, 68] . Similarly, such TEC have been implanted into meniscal defects in the knee and also survived very well after implantation [67] . Interestingly, the TEC implanted into cartilage defects were not differentiated in vitro, and therefore, differentiated in vivo after implantation under the in vivo mechanical and biological environment to become Collagen II rich and histologically appear to be cartilage-like. While a very good approximation of normal articular cartilage, the implants were not perfect as their most superficial surface layer (e.g. lamina splenden) did not have all of the characteristics of normal cartilage [65] . Whether such TEC implanted into cartilage defects will survive and provide function over the lifetime of the animal remains to be seen, although it is a quite promising approach based on current findings. This approach may have clinical application in patients with limited size defects in the cartilage or menisci, particularly younger physically active individuals.
While the above TEC approach is promising for repair of damaged/injured cartilage and menisci (and poten-tially tendons and ligaments as well), the implanted TEC would still have to overcome the challenges related to the inflammatory environment associated with the initial injury or the process of further degeneration following the injury (discussed above). In the pig model studies, such influences did not appear to be critical to the survival of the TEC, but it certainly could be a factor in possibly older patients, or those with more extensive damage where endogenous cells were being recruited to augment the functionality of the implant.
SUMMARY
A number of cellular and tissue engineering approaches have been investigated to facilitate repair of damaged/ injured tissues in the knee. Some of these, such as in vitro tissue engineering for repair of cartilage and menisci are quite promising based on current findings. Other approaches using MSC may be effective in modifying symptoms associated with knee injuries or degenerative disease processes in the knee, but the possibility that such approaches will lead to structural repair, particularly in the absence of an appropriate scaffold, is not great in the current understanding of how the joint functions. One possibility to enhance the functioning of autologous MSC to facilitate repair may be to generate an acellular scaffold via tissue printing of appropriate dimensions (derived from imaging modalities), and possibly containing growth factors or homing molecules, which could be implanted and then autologous MSC injected to populate the implanted template. Thus, the appropriate template scaffold could be generated separate from the cells, and then repopulated with undifferentiated or in vitro differentiated MSC. The undifferentiated cells could then differentiate under more in vivo conditions. Due to the complexity of the in vivo environment and the processes involved in tissue repair, it is not likely that anti-sense or limited target specificity approaches will have much benefit to repair the tissues of the knee. However, a combination of tissue engineering approaches + MSC, and with the control of the inflammatory environment within the knee may offer the best hope for the future of knee repair with a return to optimal functioning of this organ system [1, 16] .
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